Ludwigite from B-bearing iron ores in the Bergslagen area of central Sweden and in the coastal area north of Stockholm has been studied using chemical and single and Al dominate over Mg (and Fe 2+ ); and (3) the distortion parameter, BLD, indicates that M3 is the most regular, whereas M4 is the most distorted octahedron.
Introduction
DURING geological and mineralogical investigations of B-bearing iron ores in the Bergslagen area of central Sweden and in the coastal area north of Stockholm, ludwigite crystals were found in mining dumps from two abandoned iron mines: Tallgruvan and Stabby gruvan. They were studied by optical, chemical and crystal structure analysis.
Ludwigite (Fleischer and Mandarino, 1995) . It is generally found in high temperature metamorphic rocks, in skarns and in iron and tin ores (Anovitz and Grew, 1996) . The ludwigite structure (space group Pbam) was determined for the ®rst time by Take Âuchi et al. (1950) and subsequently re®ned by Bertaut (1950) , Cavalho da Silva et al. (1955) , Mokeyeva (1968) , Bonazzi and Menchetti (1989) , Norrestam et al. (1989a,b) , Take Âuchi and Kogure (1992) . Hawthorne et al. (1996) classi®ed ludwigite into``3 A Ê wallpaper structures'' borates.
Actually, the prominent feature in the mineral structure is a chain of edge-sharing octahedra [Mf 4 , f = O
À2
] with a repeat distance of~3 A Ê along its length. The chain forms zigzag sheets, ®ve (denoted F walls by Take Âuchi et al, 1950) and three (C walls) octahedra wide that interlock so that there are triangular tunnels containing Bf 3 groups (Fig. 1) .
The occurrence of this mineral in central Sweden provided us with the opportunity to compare the crystal chemical characteristics of this ludwigite with samples from other localities and to investigate the octahedral cation order in the structure.
Geological setting
Boron-bearing iron-formations occur in the Bergslagen area of central Sweden and in the coastal area north of Stockholm. These areas consist of banded gneisses with large tracts of metavolcanic rocks and metasediments. The metavolcanic rocks comprise acid lavas and tuffs, the so-called leptites, as well as minor amphibolites representing intrusive ma®c volcanic rocks. Beds of sedimentary rocks such Mineralogical Magazine, August 1999, Vol. 63(4), pp. 511±518
# 1999 The Mineralogical Society as cordierite schists, quartzites, limestone and dolomite as well as numerous beds of banded iron-formations are intercalated in the leptites. The volcanic rocks and the sediments have been intruded by granites. Subsequently the area was repeatedly deformed and metamorphosed up to amphibolite-facies conditions.
Iron-formations are abundant in the Bergslagen area and these have been mined for many hundreds of years. The most common type of iron-formation is a quartz-magnetite-bearing ironformation, found locally with hematite instead of magnetite. High-Mn iron-formations are also frequently encountered. Boron-bearing ironformations are found as beds which can be traced for kilometres along strike, mostly hosted in carbonate beds. The strike of the B-bearing iron-formations is parallel to the general strike of the metavolcanic rocks and metasediments. The thickness of the beds has not been determined due to a poor degree of exposure. The best-studied deposit of B-bearing iron-formation is Tallgruvan, which is situated in the Norberg area of Bergslagen. Tallgruvan, which is an abandoned iron mine, occurs in dolomite close to the contact with one of the late intrusive granites. Geijer (1927 Geijer ( , 1939 regarded the ore body as a replacement of dolomite with the metals and the B being derived from the nearby granite. This has been debated by Magnusson (1929) , who regarded iron-formations as submarine exhalative precipitates with little metasomatic imprint.
Paragenesis
The B-bearing iron-formation at Tallgruvan displays a complex mineral assemblage. It is a medium-grained rock consisting of forsterite (containing up to 58 wt.% MgO), magnetite, calcite, dolomite, spinel, ludwigite +¯uoborite and szajbelyite (Geijer 1927 (Geijer , 1939 . Ludwigite from Tallgruvan has been reported recently by Anovitz and Grew (1996) . Most of the minerals have been partly altered to a ®ne-grained assemblage of serpentine and other unidenti®ed minerals.
Ludwigite occurs mainly as spindle-shaped grains up to 5 mm long and <1 mm across (Fig. 2) , but also occurs in stubby prisms up to 7 mm in cross section (Fig. 2) . It is strongly pleochroic with colours ranging from bright green to dark green to very dark brown, and is altered to a ®ne-grained assemblage of B-bearing minerals and magnetite (Fig. 3) .
Ludwigite from three samples has been investigated for this study. Samples 450514A and 450540 are from Tallgruvan from dumps 100 m apart. Sample 450576 is from Stabby gruvan, north of Stockholm. probe EDS-EDAX 9900) did not reveal Mg and Fe zoning. Therefore, three crystals from crushed rock samples (samples 450514A, 450540 and 450576) were selected for the structural study and mounted on a Siemens P4P rotating-anode single crystal diffractometer operating at 50 kV and 120 mA (Mo-Ka graphite-monochromatized radiation, l = 0.71073) and equipped with XSCANS software (Siemens, 1993) . Cell dimensions (Table 1) were determined by the leastsquare re®nement of 45 automatically aligned re¯ections with 158 4 2y 4 308. These values are given in Table 1 , together with other information pertinent to X-ray data measurement and structure re®nement. Intensities were measured from 3.5 to 7082y (À144h414, 04k419, 04l44) by o scan mode. Psi-scan data were measured on 10 strong uniformly distributed re¯ections with regard to 2y (w>808) at 108 intervals of f. The intensities were corrected for absorption, Lorentz-polarization and background effects, and then averaged and reduced to structure factors. A re¯ection was classed as observed if its intensity exceeded that of 3s based on counting statistics. The SHELX-97 system of programs (Sheldrick, 1997) was used for the computational procedures. Re®nements were initiated using the atomic positions of ludwigite reported by Take Âuchi and Kogure (1992) .
Scattering curves together with anomalous dispersion corrections were taken from Ibers and Hamilton (1974) . Neutral B, half-ionized O, and fully ionized M cation scattering factors were used. The curves for the octahedral M atoms, at the early stages of re®nement, were: Mg 2+ for M1, M2 and M3 sites, whereas Fe 3+ was considered to fully occupy M4 site. Site occupancy re®nement revealed that M3 was greater than, whereas M4 was less than the ideal occupancy, suggesting excess and de®ciencies in the scattering power, respectively. In the last phase of anisotropic re®nement, mixed scattering curves appropriate to the composition of each site were applied and a Full-matrix least-square re®nements of all variables (including site occupancies of M sites) converged to the R indices given in Table 1 . Final atomic coordinates and equivalent isotropic displacement factors are given in Table 2 . Selected interatomic distances, angles and distortion parameters are listed in Table 3 and re®ned site-scattering values for M sites in e.p.f.u. (electrons per formula unit) are given in Table 4 . The structure factor tables are available on request from the Editor. Subsequent to the crystallographic work, the crystals used in the collection of the intensity data were mounted in epoxy, polished and analysed by electron microprobe. The compositions were determined using an ARL-SEMQ microprobe operated in wavelength-dispersion mode. The acceleration voltage was 20 kV, and the beam current was 15 nA. Multiple points were analysed for each sample; average values for each sample are reported in ratio derived from the crystal-structure re®ne-ment. The concentration of B was estimated by stoichiometry from the results of the crystal structure analysis following suggestions by Hawthorne and Grice (1990) .
Site population
The structure re®nement veri®es that the polyhedral arrangement of the studied ludwigites is similar to that of other previously studied crystals.
Consequently the discussion will be limited to a comparative analysis of coordination polyhedra, to their site population and to a description of the main differences with respect to other ludwigites and some isomorphous minerals (Swinnea and Stein®nk, 1983; Bonazzi and Menchetti, 1989; Norrestam et al., 1989a,b; Take Âuchi and Kogure, 1992; Burns et al., 1994) . The site nomenclature we adopted follows that of Take Âuchi and Kogure (1992) ; the polyhedral geometry of the structure is shown in Fig. 1 . 
where n is the number of bonds and XÀO the cation± anion bond distance (Renner and Lehmann, 1986 ). 
Triangular coordinated sites
The ludwigite crystals studied present a very small amount of Si (Si <0.01 a.p.f.u.) which was assigned to tetrahedral sites by analogy with mixed oxyanion borate minerals (Hawthorne, 1986; Hawthorne et al., 1996) . We could make the hypothesis that, as with cuspidine (Merlino and Perchiazzi, 1988) Hawthorne et al., 1996) , and is similar to the ones reported previously for ludwigite and other isomorphous minerals: e.g. <BÀO> = 1.379 and 1.383 A Ê in vonsenite crystals (Bonazzi and Menchetti, 1989) ; <BÀO> = 1.383 A Ê in fredrikssonite (Burns et al., 1994) ; <BÀO> = 1.384 A Ê in ludwigite (Take Âuchi and Kogure, 1992) .
The B±O3 bond distance is always smaller than BÀO1 and BÀO5 and seems to increase according to the trivalent cation substitution at the M3 site.
The M (1,2,3,4) sites
The M site populations were assigned by combining, in a system of equations, the results of both microprobe analyses and structure re®nement (mean electron counts and mean distances <MÀO>) and taking into account the charge-balance requirements. The best fraction x i for each species was determined by determining which vector best ®ts an overdetermined equation system Ax = b. In order to ®nd out the vector which best ®ts the present system, we employed the technique of the least-squares, calculating the minimum for the function F(x) = R T R (R = AxÀb). The goodness of the ®t between observed and calculated values of chemical and structural parameters was evaluated by the Q parameter (Q = ||b À ax|| 2 2 ). The ideal <MÀO> mean bond distances were those calculated experimentally for end-member borates (i.e. <MgÀO> = 2.079 A Ê ; Burns et al., 1994; <AlÀO> = 1.916 A Ê , Moore and Araki, 1976 ; <Fe 3+ ÀO> = 2.065 A Ê ; <Fe 2+ ÀO> = 2.147 A Ê ; Swinnea and Stein®nk, 1983; Venkatakrishnan and Buerger, 1972) . To reduce chemical variables the following constraints were adopted: (1) M sites were considered completely ®lled; (2) In the studied samples <M1ÀO>, <M2ÀO> and <M3ÀO> mean bond distances are similar (Table 3) , however, the examination of the mean electron count at each site suggests that M1 and M2 are almost completely occupied by Mg whereas M3 contains~25% of a heavier cation. The calculated M3 site population is consistent with the presence of Fe 3+ together with small amounts of Fe 2+ . The central cation off-centre shift (BLD parameter, Table 3 ) is greater in M3 than in M1 and M2 sites. The difference in distortion between M1 and M2 sites showing the same population, may be related to the different point symmetry. Actually M1, which lies on 2/m, is less distorted than M2, which lies on m. The difference between M1 and M3 sites, both of which lie on 2/m-point symmetry, may be related to differences in population (Table 6) or to the different octahedral environment: M3 with M2 forms the C walls with the octahedral sequence M2-M3-M2, whereas M1 with M2 and M4 forms the F walls with the sequence M2-M4-M1-M4-M2 (Fig.1) . The <M1ÀO> and <M2ÀO> mean bond lengths are similar to the ones reported for Norrestam et al. (1989b) , whereas the <M2ÀO> band length is slightly smaller than that in ludwigite reported by Bonazzi and Menchetti (1989) who found small amounts of Fe 2+ at this site.
In the M4 cavity, trivalent cations (Fe 3+ and Al 3+ ) dominate over Mg (and Fe 2+ ) . Signi®cantly different octahedral site occupancies for the M3 and M4 sites (our notation) have been found in ludwigite-type structures: ludwigite and vonsenite crystals studied by Bonazzi and Menchetti (1989) contain signi®cant levels of trivalent cations at both the M3 and M4 sites, whereas in fredrikssonite, trivalent cations were located only at the M4 site. The distortion parameter BLD indicates that M3 is the most regular, whereas M4 is the most distorted polyhedron. However, the M4 distortion decreases in vonsenite; the Fe 2+ ,Fe 3+ end-member (Bonazzi and Menchetti, 1989 : BLD M4 = 2.00 and 1.84% for samples RS and Ca, respectively), and increases slightly in the Al-bearing ludwigites (Take Âuchi and Kogure, 1992: BLD M4 =2.99%; Norrestam et al, 1989a: BLD M4 =3.17%).
The results for studied crystals support the general idea that ludwigite is an order-disorder series where the cation disorder mostly involves the M3 and M4 sites. Like previously studied ludwigites (Norrestam et al, 1989a; Take Âuchi and Kogure, 1992; Bonazzi and Menchetti, 1989) , the crystals from Sweden, which have very low Al content, present Mg ordered at the M1 and M2 sites, whereas the Mg and the Fe 3+ +Al occupancy at the M3 and M4 sites, respectively, is signi®cantly less than the ideal value of 1.0 for a completely ordered end-member.
